choline (ACh), and myelin-associated glycoprotein (MAG),
Introduction Greenberg, 1996). Activation of all three pathways may contribute to neurite outgrowth (Inagaki et al., 1995). Growing axons in developing nervous systems are
TrkA-mediated increase in neurite branch initiation by guided to their targets by diffusible or substrate-bound NGF-coated beads also requires PI3-kinase activation guidance molecules (Tessier-Lavigne and Goodman, . Turning of growth cones 1996; Mueller, 1999) . The neuronal surface receptors for induced by NGF-coated beads was blocked by k252a, many guidance molecules have recently been identified, suggesting involvement of TrkA tyrosine kinase activity but the cytoplasmic events triggered upon activation of (Gallo et al., 1997) . In the present study, by using muthese receptors are largely unknown. In cell cultures, tated forms of TrkA in which specific tyrosine residues growth cones of Xenopus spinal neurons exhibit attrachave been substituted singly or in combination, we found tive and repulsive turning responses in a gradient of that coactivation of PLC-␥ and PI3-kinase pathways, netrin-1, collapsin-1/semaphorin III (Sema III), brainbut not the Shc pathway, are essential for triggering the derived neurotrophic factor (BDNF), or neurotrophin-3 turning response of the growth cones toward NGF. (NT-3) but not in a gradient of nerve growth factor (NGF) Recent studies on the role of Ca 2ϩ and cyclic nucleo- (Ming et al., 1997a (Ming et al., , 1997b Song et al., 1997b Song et al., , 1998 . In tides in regulating growth cone turning behaviors of Xenthe present study, we found that expression of exogeopus spinal neurons have shown that all guidance cues nous rat TrkA in these Xenopus spinal neurons promotes examined for these Xenopus neurons can be classified into two groups (Ming et al., 1997b; Song et al., 1997b Song et al., , 1998 ). In group I, which includes netrin-1, BDNF, acetyl- § To whom correspondence should be addressed (e-mail: mpoo@ ucsd.edu).
choline (ACh), and myelin-associated glycoprotein (MAG), 
Activation of PKG converts repulsive turning induced
Neuronal Survival and Chemotropic Responses Induced by NGF by Sema III into attraction, while inhibition of PKG converts NT-3-induced attraction into repulsion. In the presThe neurotrophins BDNF and NT-3 promote survival and induce chemotropic responses of Xenopus spinal neuent study, we found that NGF-induced attractive responses required extracellular Ca 2ϩ and could be rons in culture, but NGF is ineffective (Ming et al., 1997a) , suggesting that these neurons lack functional TrkA, converted into repulsion by inhibition of PKA, indicating NGF as a group I guidance cue. This prompted us to a specific high-affinity receptor for NGF (Segal and Greenberg, 1996) . In the present study, we first examstudy the involvement of PI3-kinase and PLC-␥ in mediating the actions of other guidance cues. We found that ined whether introduction of exogenous TrkA into these found that the uniform presence of BDNF (100 ng/ml) and Sema III, which are known to induce repulsive turning responses of these Xenopus neurons (Song et al., or netrin-1 (10 ng/ml) in the culture medium abolished the attractive turning of TrkA ϩ growth cones induced 1998). In the uniform presence of NGF (100 ng/ml) in the bath, the repulsive turning of TrkA ϩ growth cones by a gradient of NGF. Uniform activation of downstream effectors of BDNF and netrin-1 apparently had led to a induced by a gradient of recombinant MAG (rMAG, 150 g/ml in the pipette) was abolished ( Figure 4C ), an effect cross-desensitization of the response of the growth cone to an NGF gradient. Conversely, chemoattraction that was not observed when TrkA Ϫ neurons were examined. In contrast to rMAG-induced turning, repulsion of of TrkA ϩ growth cones in a gradient of netrin-1 (5 g/ ml in the pipette) was abolished by the uniform presence TrkA ϩ growth cones induced by Sema III (50 g/ml in the pipette) was not affected by the uniform presence of NGF (100 ng/ml) in the bath ( Figure 4B ). This effect of NGF was not due to overexpression of exogenous proof NGF ( Figure 4D) . Similarly, uniform exposure to BDNF had no effect on Sema III-induced repulsion of TrkA Ϫ teins in these neurons, since uniform presence of BDNF (100 ng/ml) in the bath had a similar effect in abolishing growth cones, while a uniform presence of NT-3 blocks netrin-1-induced attraction in TrkA Ϫ neurons. This crossthe repulsive response in a Sema III gradient. These desensitization effect was also specific for group I guidresults on cross-desensitization by other guidance cues ance cues since in the uniform presence of NT-3 (100 are consistent with the notion of shared cytosolic signals ng/ml), a group II cue, a netrin-1 gradient still induced within the same group of guidance cues, but not besignificant attractive response ( Figure 4B ). The effect of tween group I and group II cues. NGF cannot be accounted for only by p75, the lowaffinity NGF receptor (Segal and Greenberg, 1996) , as it required specifically the cytoplasmic domain of TrkA:
Cross-Desensitization of Netrin-1-Induced Chemoattraction uniform presence of NGF had no effect on netrin-1-induced chemoattraction in TrkA-F8 ϩ neurons ( Figure 5A) .
To further delineate the interaction of TrkA-mediated signaling with that induced by netrin-1, we carried out We next examined potential cross-desensitization between cytosolic signals induced by NGF and by MAG more extensive studies on neurons expressing various The experiments on cross-desensitization yielded two signaling, these Xenopus spinal neurons exhibit a basal important pieces of information concerning signal transgrowth rate. Our results on the effect of pharmacological duction of various guidance cues. First, the finding that inhibitors suggest that basal activity of PLC-␥ is required uniform presence of one guidance cue completely abolfor neurite extension, whereas that of PI3-kinase is not.
ishes the turning response of another guidance cue of Other pathways besides PI3-kinase and PLC-␥ may also the same group strongly supports the notion of shared contribute to the rate of neurite extension, as suggested signaling mechanisms among members of the same by previous findings on NGF-dependent stimulation of group of guidance cues. Second, the lack of interference neurite outgrowth in PC12 cells (Inagaki et al., 1995) . of uniform group I guidance cues on the turning rePrevious assays of NGF-dependent induction of neurite sponses induced by group II cues, and vice versa, conoutgrowth involved prolonged treatments of the cells firms the existence of two independent pathways that with NGF and presumably activation of specific procan trigger turning responses. In these cross-desensitigrams of immediate-early and delayed-response genes zation experiments, relatively high concentrations of (Segal and Greenberg, 1996) . Here, we focused on acute guidance molecules were added in the bath in order to actions of TrkA activation, processes that lead to rapid induce a saturated uniform activation of downstream cytoskeletal reorganization at the growth cone. Our coneffectors. High-level background activation of common effectors may diminish the effectiveness of the gradient clusion that coactivation of PI3-kinase and PLC-␥ at the 
